The aeroelastic response of a bird-damaged fan stage at the inlet of a high-bypass ratio turbofan engine is examined using a combined computational fluid dynamics and computational structural dynamics framework. The damaged fan sector consists of 5 blades obtained from accurate numerical simulation of the bird impact. Forced and aeroelastic response calculations are performed and compared to assess the role of aeroelastic coupling. The calculations are performed at 100%, 75%, and 60% throttle setting to investigate the role of engine speed on the fan response. Results from the forced response and aeroelastic response calculation indicate that the undamaged blades opposite the damaged sector exhibit the highest level of structural response. Comparing the forced response with the aeroelastic response shows increased particiation of the higher structural modes, especially for the damaged blades, that grow in time or exhibit beating. Examination of the work performed by the aerodynamic forces suggests that the growth in blade response is due to aeroelastic phenomena and can cause a potential instability. The results illustrate the importance of aeroelastic effects when predicting the post bird strike fan response.
I. Introduction, Background, and Objectives
Bird strike on jet engine fan blades is important for the design of both civilian and military aircraft. Bird strikes occur primarily during takeoff and landing due to the tendency of birds to congregate in the vicinity of the ground. 1 The low altitude at which bird strikes occur limits recovery options and enhances the risk due to bird strike. The turbofan engines used in commercial and military aircraft have a large intake area covered by fan blades that increases the chance of bird strikes. During bird-strike, the bird hits the fan blades, fragments, and propagates through the engine core and bypass duct. The impact can cause substantial deformation of the blade leading edge over a large region of the blade span accompanied by global bending and twist of the blade. 2 Furthermore, the thin, low aspect ratio, low camber fan blades used in modern turbofans are structurally and aerodynamically optimized for efficiency at normal operating conditions, and bird damage induces off-design operation. 3 The Federal Aviation Administration (FAA) mandates comprehensive standards for bird strike resistance. [4] [5] [6] Engine certification requires successful demonstration of compliance with Federal Aviation Regulation (FAR) Part 33 in which a bird is fired with an air cannon at a test stand mounted, running engine. 6 The damaged engine must maintain 75% of the maximum rated thrust and meet engine handling requirements for a series of post bird strike operating conditions that simulate an emergency landing sequence. Figure 1 provides a throttle "skyline" chart that describes the sequence of throttle settings for the run-on demonstration.
Assuming the fan blades withstand the initial impact, the run-on demonstration is particularly challenging. Aerodynamic disturbances caused by the bird damage, such as flow separation, vortex shedding, and shock oscillations, can result in sustained thrust loss. Furthermore, these aerodynamic disturbances also introduce significant unsteady aerodynamic forces that can couple with the structural dynamics to produce a complex aeroelastic response problem that can lead to aeroelastic instability. 7, 8 Therefore, predicting the aeroelastic behavior of a bird-damaged fan blade represents a significant design barrier in the development of improved-efficiency turbofan engines. Numerical simulations provide a cost effective means for assessing the aerodynamic loading and aeroelastic behavior of a damaged fan. However, the combined aerodynamic and structural dynamic modeling of a birddamaged fan assembly, where the damage is typically isolated to a sector of blades, is a complex problem. Computational structural dynamics (CSD) based on the finite element method (FEM) are typically used to model the bird impact and resulting structural response since it can represent complex material behavior and nonlinear geometric deformations. [9] [10] [11] [12] [13] [14] [15] Computational fluid dynamics (CFD) is required to accurately capture the complex flow phenomena associated with bird damaged turbofans. [16] [17] [18] [19] Reliable CSD and CFD methods exist to compute the bird impact, structural dynamic response, and unsteady aerodynamic loads of a damaged fan blade. However, due to the computational times required for CFD methods, the structural and aerodynamic computations are typically performed separately in an uncoupled manner. Therefore, the aeroelastic effects that may be important in the bird strike problem are not properly accounted for.
Two primary methods are used to couple the CSD and CFD components: the "classical approach which ignores the interaction between the fluid and structure and the integrated approach which attempts to account for it. Forced response calculations utilize a "classical" or one-way coupled approach to calculate the effect of the unsteady flow field on the structural response. [19] [20] [21] In this approach, the aerodynamic calculations are performed first for a rigid geometry. Subsequently, the unsteady aerodynamic forces are extracted and applied on the structural dynamic model of the blade. The aerodynamic model is not affected by the structural response, thus the feedback mechanism of the structural response on the unsteady aerodynamic loading is not captured. In contrast, aeroelastic response calculations are performed using an integrated or two-way coupled approach that combines the aerodynamic and structural dynamic models and fully captures the combine aeroelastic behavior. [19] [20] [21] [22] Despite its importance, only a limited number of computational studies have considered the aerodynamic behavior and aeroelastic response of a bird-damaged fan. Bohari and Sayma 23 presented a CFD approach for analyzing the aerodynamic characteristics of a bird-damaged NASA rotor 67 containing a single blade with "assumed" leading edge damage. The steady-state CFD results conclude that the stall margins deteriorate for the damaged fan with stall occurring below the design operating line. Imregun et al. 16, 17 conducted two unique studies that examine the aeroelastic response and stability of a bird-damaged bladed disk containing two damaged blades using a fully coupled CSD/CFD formulation to determine the time-dependent response. In Ref. 16 , the fully coupled analysis demonstrates instability of the first torsion mode of a damaged blade; however, it is unclear if the growth in modal displacement is the result of a flutter mechanism or the strong wake shed by the upstream damaged blade. These findings are inconclusive since the fully-coupled calculations were only performed for 1/3 fan revolution due limitations on the available computer resources. In a follow-up study, Ref. 17, the aeroelastic stability was also found to be sensitive to flight conditions with flutter margins reduced at low pressure ratios and rotating stall occurring at high pressure ratios.
These studies provide insight into the aerodynamic behavior and aeroelastic response of a bird-damaged fan. However, the damage sector was limited to one or two blades, and the form of the damage did not resemble a configuration resulting from bird-strike certification tests. Furthermore, the aeroelastic response calculations of Refs. 17 and 16 were performed at 70% engine rotational speed, and the aeroelastic behavior of the damaged fan at other engine speeds was not considered. Therefore, it is evident that a computational aeroelastic study of a bird damaged commercial turbofan, with damage representative of experimental bird strike tests or accurate numerical simulation of the bird strike event, is required to improve our fundamental understanding of the bird-strike problem.
In Ref. 24 , the authors presented an aerodynamic model that is capable of capturing the behavior of a damaged fan sector of a commercial turbofan engine and is suitable for modeling both the forced and aeroelastic response of the bird damaged blades. Subsequently in Ref. 25 , the aerodynamic model and a structural dynamic model were combined to produce the forced response behavior so as to gain insight into this complex system. In Ref. 26 , the forced response framework was extended to accommodate two-way coupling between the aerodynamic and structural dynamic models of the bird damaged fan and preliminary aeroelastic response calculations were performed. In this paper, the combined CFD and CSD framework is implemented to compare the blade response resulting from one-way forced response and fully-coupled aeroelastic response calculations and thus assess the role of complete aeroelastic coupling on the response. The calculations were performed at the 100%, 75%, and 60% throttle settings on the skyline chart in Fig. 1 to examine the effect of engine speed on the fan response. The specific objectives of the current study are:
1. Present a coupled CFD/CSD framework for one-way forced response and fully-coupled aeroelastic response calculations of a bird damaged fan.
2. Study in detail the forced and aeroelastic response of a bird-damaged fan stage under post bird strike conditions at 100%, 75%, and 60% throttle settings.
3. Compare the blade response resulting from one-way forced response and fully-coupled aeroelastic response calculations to assess the role of complete aeroelastic coupling on the response.
4.
Compare the aerodynamic work calculated from the forced and aeroelastic response calculations so as to identify the potential for aeroelastic instability.
II. Damaged Fan Configuration
The turbofan geometry examined is representative of a commercial, high-bypass ratio turbofan. LS-DYNA is employed to numerically simulate the bird strike problem and obtain the bird-damaged configuration. The LS-DYNA code has been extensively used to model bird strike problems and has proven itself a reliable tool for computing the damaged blade configurations. 9, 15 The damaged geometry considered is due to a single 2.5 pound (lb) bird ingested at take-off conditions at a strike location of 70% blade span. The bird strike calculation is restricted to a sector consisting of a subset of 5 blades cantilevered at the root, and the remaining blades are undamaged. The fan material is modeled as an elasto-plastic material with a piecewise linear stress-strain relationship where the yield stress is dependent on the strain rate. The bird model is assumed to be an ellipsoid, and a viscous material model is employed to capture the impact properties. Figure 2 shows the damaged fan configuration, where the damaged blades are highlighted in orange and the blades are numbered.
III. Aerodynamic Model
The ANSYS CFX commercial aerodynamic solver is used to model the compressible unsteady flow governed by the Reynolds-averaged Navier Stokes (RANS) equations. ANSYS CFX utilizes a finite volume approach that yields a near second-order accurate spatial discretization. A second-order accurate backward Euler time-integration scheme is used for the unsteady calculations. The k-turbulence model is employed and scalable wall functions are used to resolve the near-wall boundary layer. The fluid is assumed to be ideal and calorically perfect. Further details of the ANSYS CFX solver are available in the ANSYS CFX-Solver Theory Guide. 27 The CFD calculation is restricted to an isolated fan stage suitable for prediction of the unsteady aerodynamic characteristics of a bird-damaged fan. The fan stage starts downstream of the engine inlet, extends into the bypass duct and core duct, and includes a set of fan blades, a rotating hub, a stationary shroud, and a stationary splitter, as illustrated by Fig. 3 . At the domain inflow, the total pressure, total temperature, turbulence intensity, and direction of the incoming flow are enforced. The mass flow rate is specified at the core duct outflow with the assumption that the engine core "pulls" a fixed mass flow rate through the core duct for a given engine rotation speed. Static pressure is enforced at the bypass duct outflow using a radial-equilibrium condition that permits the static pressure to vary radially while maintaining the specified static pressure on average. Solid wall boundary conditions are enforced at the fan blades, hub, shroud, and splitter such that the velocity of the flow matches that of the wall through specification of a no-slip condition. A zero wall velocity is prescribed at the shroud and splitter, and a non-zero wall velocity that results from engine rotation is prescribed at the blades and hub. 
A. Operating Condition
The operating point of a fan stage is characterized by the total pressure ratio and referred mass flow rate. The total pressure ratio is defined as the ratio of the mass flow averaged total pressure at the bypass duct outflow to the mass flow averaged total pressure just upstream of the fan blades. The referred mass flow rate, calculated using Eq. (1), is the mass flow rate through the domain corrected for non-standard day inflow conditions and represents the mass flow that would pass through the fan if the inflow total pressure and total temperature corresponded to standard day conditions.
A fan map depicts the operating points of an isolated fan stage for a variety of operating conditions. The operating points obtained at a fixed engine speed are connected to form characteristic curves. The stall point is identified by the peak in total pressure ratio along a characteristic curve and indicates the onset of stall. Stall is an undesirable, unsteady flow phenomena produced by flow separation that typically occurs at low mass flow rates and high bypass duct static pressure. A stall line connects the stall points on each characteristic curve and identifies the boundary of steady flow, where operating points to the left of the stall line are unsteady. A fan map also includes the fan operating line that consists of the unique set of operating points produced by the fan stage when installed in a complete engine. A representative fan map that includes an operating line, several characteristic curves, and the associated stall points is shown in Fig. 4 .
Referred Mass Flow
Pressure Ratiȯ The operating points at the intersection of the operating line and the characteristic curves are significant because they represent operation of the isolated fan stage in a complete engine. The bypass duct static pressure boundary condition is specified so that the predicted operating point coincides with a point on the operating line. The bypass duct static pressure necessary to achieve the desired operating point at the intersection of the characteristic curve and the operating line is unknown a priori. Therefore, an iterative procedure is utilized to map the characteristic curve and determine the bypass duct static pressure that yields an operating point within ∼3% error of the operating line. The error is calculated using Eq. (2) where the predicted operating point is denoted by ṁ R , P R , and ∆ṁ R and ∆P R denote the horizontal and vertical distance of the operating point from the operating line, as shown in Fig. 4 .
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The ANSYS TurboGrid program is employed to generate a high-quality, structured CFD mesh of hexahedral elements for an undamaged blade passage. Mesh sensitivity studies were conducted in Ref. 28 , and it was concluded that the "coarse" mesh identified in Ref. 28 is sufficiently accurate for the objectives of the current study. The ANSYS TurboGrid ATM topology is not applicable for full wheel geometries that include a set of damaged blades. To extend the high mesh quality produced by the ANSYS Turbo Grid ATM mesh topology to the damaged fan geometry, the automated mesh deformation scheme presented in Ref. 28 is utilized. A constant-span cross-section at 75% blade span is shown in Fig. 5(a) , and an overall meridional view of the computational mesh of the mesh for a single blade passage is depict in Fig. 5(b) . The full wheel mesh consists of 10.4 million nodes and 9.7 million elements. 
IV. Structural Dynamic Model
The structural dynamic model is implemented in ANSYS Mechanical APDL, a commercially available FEbased structural solver that accommodates one-way and two-way coupling with ANSYS CFX for the forced response and aeroelastic response calculations performed in this study. Details of ANSYS Mechanical APDL are available in the ANSYS Mechanical APDL Theory Reference Guide. 29 The computational domain for the structural dynamic model consists of 24 individual blades each cantilevered at the blade root. Fan blades of modern high bypass ratio commercial turbofans are significantly more flexible than the hub disks; therefore, the hub disk is not modeled and structural coupling between the fan blades is ignored. 17 Furthermore, residual stress and strain hardening of the damaged blades resulting from the bird impact is also neglected. The fan blades are assumed to be made of titanium and are modeled with a linearly elastic, isotropic material law.
A. Equations of Motion
The equations of motion are formulated from the principle of virtual work and solved by ANSYS Mechanical APDL. The equations of motion are given by Eq. (3), where F Ω represents the centrifugal effects due to engine rotation, and F aero represents the aerodynamic force transferred from the CFD mesh. The global mass and stiffness matrices are assembled for the entire structural mesh using conventional finite element methods. For simplicity of the structural dynamic model, no structural damping is implemented. The assembled deformation vector, U, contains the translational degrees of freedom for each node.
The implementation of the structural dynamic model in ANSYS Mechanical APDL includes a large deflection formulation that is limited to geometric nonlinearity. This is accomplished by a geometric stiffness matrix where the radial loading depends on the speed of rotation and distance of the element from the axis of rotation. A Newton-Raphson iterative procedure is implemented to update the stiffness matrix within each time-step. The HHT-α 30 time-integration scheme is used to integrate Eq. (3) in time. Further details on the Newton-Raphson algorithm and the HHT-α scheme are provided in the ANSYS Mechanical APDL Theory Reference Guide. 29
B. Computational Mesh
The fan blades are modeled using 8-noded, solid, hexahedral elements (ANSYS SOLID185 element type) with three translational degrees of freedom at each node. A mesh sensitivity was conducted in Ref. 28 to identify the mesh resolution suitable for the objectives of this study. The structural mesh consists of 5,712 nodes and 4,020 elements per blade for a total of 137,088 nodes and 96,480 elements for the full wheel model. Figure 6 shows the structural mesh of an undamaged blade. 
C. Rotating Mode Shapes
The first 5 mode shapes of a rotating, undamaged fan blade at 100% take-off engine rotational speed are shown in Figs. 7. The mode shapes of a rotating, undamaged blade at 75% and 60% take-off thrust are similar in shape. The mode shapes of the damaged blades are similar to those of the undamaged blade. Note that the frequencies and mode shapes described in Fig. 7 have been identified as "1st bending (1B)", "2nd bending (2B)", etc.. However, due to the built-in twist of the blade and the effect of rotation, these modes are coupled where all three degrees of freedom (bending out of the plane of rotation, bending in the plane of rotation, and torsion) participate. By identifying the mode as "1B" it is implied that the primary contribution to the mode shape comes from bending. 
V. Coupled Fluid-Structure Framework
The ANSYS Multi-field solver is used to couple the ANSYS CFX aerodynamic solver and ANSYS Mechanical APDL structural solver for the forced response and aeroelastic response calculations performed in this study. The computational frameworks and coupling algorithm for the one-way and fully-coupled fluid-structure interaction calculations are provided next. Further details of the coupled fluid-structure framework, including the aerodynamic load transfer and mesh deformation scheme, is available in Ref. 28 . Information regarding the coupling algorithm and mesh mapping scheme is available in the ANSYS MFX documentation. 31
A. One-way Forced Response Framework
For the one-way forced response calculation, the unsteady aerodynamic loads are calculated and applied to the structural model at each time-step to obtain the response. For this case, the CFD mesh is not deformed as the structure deforms; therefore, the feedback mechanism of the structural response on the unsteady aerodynamic loading is not captured. The aerodynamic load for the forced response is time dependent and thus it captures the transient nature of the aerodynamic loading. Equation (4) governs the forced response calculations.
A flow chart of the forced response framework is shown in Fig. 8 . The mapping between the FE mesh and the CFD mesh at the wetted surface is performed to establish the fluid structure interface (FSI). A steadystate CFD calculation is carried out to generate the initial conditions for the unsteady CFD calculations needed for the forced response calculation. During each time-step of the forced response calculation, the aerodynamic pressure and viscous loads from the unsteady CFD analysis are transferred to the surface of the FE mesh and the structural dynamic response is calculated. 
B. Fully-Coupled Aeroelastic Framework
To obtain the coupled fluid-structure aeroelastic response, an implicit coupling algorithm is employed where the aerodynamic and structural components representing the fan are solved iteratively in each time-step. The CFD mesh is deformed with the structure such that the time-varying displacement at the blade surface influences the aerodynamic loads on the structure. The aerodynamic load varies with time due to the transient effects in the aerodynamic loading caused by both the bird damage and the blade motion. The equations governing the aeroelastic response calculations are provided by Eq. (5).
A flow chart of the fully-coupled aeroelastic framework is shown in Fig. 9 . The mapping between the FE mesh and the CFD mesh is performed to establish the FSI at the wetted surface. Next, the aerodynamic forces from a steady-state CFD calculation of the damaged fan are applied to a static structural model to initialize the aerodynamic load and structural dynamic model for the aeroelastic response calculations. Within each time-step of the aeroelastic response calculation, the aerodynamic state is calculated and the associated aerodynamic loads are transferred to the FE mesh. The resulting structural displacements are then transferred to the CFD mesh blade surface and the interior CFD nodes are displaced by the amount dictated by the structural deformation. 
VI. Results
The steady and unsteady aerodynamic calculations of the bird-damaged fan operating at the 100%, 75%, and 60% throttle settings are presented in this section. Subsequently, the forced response and aeroelastic response of a bird-damaged fan at these three operating conditions are presented and compared to determine the role of aeroelastic coupling. The aerodynamic work calculated from the forced response and aeroelastic response calculations are compared to identify the potential for aeroelastic instability. Reference 28 provides further details of the methodology and results.
Aerodynamic Calculations of the Damaged Fan
Steady-state and unsteady aerodynamic calculations are used to provide insight into the aerodynamic characteristics of the bird-damaged fan. The freestream conditions correspond to standard day +27 • F conditions and the freestream flight Mach number is zero. In Ref. 28 , steady-state aerodynamic calculations performed with the aerodynamic model were verified against data from industry for an undamaged and damaged fan.
Steady-State Aerodynamic Calculations
Steady aerodynamic calculations were performed at the 100%, 75%, and 60% throttle settings to gain insight into the aerodynamic behavior of the damaged fan and also to provide the initial conditions for the unsteady aerodynamic calculations. The characteristic curves of the damaged fan were mapped for each throttle setting by varying the bypass duct static pressure. The bypass duct static pressure was gradually increased to reach an operating point near the operating line that represents operation of the damaged fan installed in a complete engine. Figure 10 provides the fan map of the damaged fan and includes the fan operating line and the characteristic curves corresponding to the 100%, 75%, and 60% throttle settings. The values in Figs. 10 are normalized by the undamaged fan operating point at the 100% throttle setting. It is important to note that the steady calculations converge at a "snap-shot" of the unsteady behavior that may not represent completely the time-averaged behavior of the unsteady solution. Figure 10 . Damaged fan map for 100%, 75%, and 60% throttle settings.
The damaged fan map clearly illustrates the significant influence of the bird damage on the steady aerodynamic behavior of the damaged fan. The damaged fan characteristic curves are much flatter near the operating line, indicating that the damaged fan is operating very near the stall point where unsteady flow phenomena may be significant. The operating point of the damaged fan is also significantly affected by the bird damage. Table 2 compares the undamaged and damaged operating points, normalized by the operating point of the undamaged fan at the 100% throttle setting. Table 2 also provides the percent mass flow loss relative to the undamaged fan at the corresponding throttle setting, where the mass flow loss is related to the thrust loss resulting from the bird strike. To calculate the mass flow loss for the 75% and 60% throttle settings, the characteristic curve is extrapolated to the operating line assuming a constant pressure ratio (i.e. flat characteristic curve). The largest mass flow loss occurs for the 100% and 60% throttle settings followed by the 75% throttle setting. 
Unsteady Aerodynamic Calculations
The unsteady aerodynamic calculations for the 100%, 75%, and 60% throttle settings are initialized from the corresponding steady solution. A physical time-step corresponding to 500 time-steps per revolution is specified, and 3 CFD-solver sub-iterations are performed at each time-step for convergence of the solution. The unsteady calculations were performed for 5,000 time-steps corresponding to 10 revolutions of the fan. The unsteady operating point is plotted on the fan map in Figs. 11(a) , 11(b), and 11(c), where the values are normalized by the referred mass flow rate and total pressure ratio of the undamaged fan at the same throttle setting. Considerable unsteadiness in the operating point is evident. For the 100% and 60% throttle settings, the unsteady operating point oscillates about the steady operating point, and the unsteady operating point for the 75% throttle setting oscillates about a point below the steady value. The mean flow loss is approximately 8% for each case, and is greater than that predicted by the steady calculations for the 75% and 60% throttle settings. Furthermore, the 75% throttle setting exhibits the largest flow loss of 8.4% and is considerably greater than the 5.9% flow loss predicted by the steady solution. Therefore, it is clear that unsteady effects are important in predicting the flow loss of the damaged fan, and the steady aerodynamic calculation of the damaged fan tends to under-predict the flow loss. Mach contours at mid-chord are examined to provide insight into the unsteady behavior of the damaged fan. Figures 12 depicts the unsteady Mach number contours at the mid-chord for 10 equally spaced timesteps spanning one representative oscillation of the unsteady solution at the 100% throttle setting. The corresponding total pressure ratio and referred mass flow rate at these time-steps are indicated by the fine vertical lines in Fig. 11(d) . Only a small amount of unsteadiness is observed in the vicinity of the damaged blades where the flow remains largely separated, and the flow through the damaged blade passages is partially or totally blocked. By contrast, considerable unsteadiness is evident in much of the undamaged sector, with the greatest level of flow unsteadiness occurring in the blade passages between blade 16 clockwise to blade 21.
The stalled flow emanating from the damaged sector, denoted a stall cell and identified by the blue regions, is the dominant unsteady flow effect in Figs. 12. At 0.8 revolutions, the stall cell covers roughly a third of the fan wheel, from blade 21 clockwise to blade 5, and the mass flow rate is near its maximum. From 1.4 revolutions to 3.8 revolutions, the stall cell regresses slightly before propagating opposite to the direction of rotation until half of the blade tips are stalled, from blade 15 clockwise to blade 5. At this point, the mass flow rate is at a minimum due to the partially blocked blade passages associated with the stalled flow. Subsequently from revolution 4.4 to revolution 5.6, the stall cell detaches from the damaged sector, progresses opposite the direction of rotation, and dissipates as the flow recovers and the mass flow rate increases to the maximum value. Furthermore, as the stall cell propagates at the blade tips, the Mach number in the inner span of the corresponding blade passage also decreases, indicating a loss of mass flow through most of the blade passages. The unsteady Mach contours at 60% and 75% throttle setting are similar to the 100% case and are provided in Ref. 28 . Similar to the 100% case, the dominant unsteady property is the stalled flow emanating from the damaged sector. For the 75% and 60% throttle setting, the stall cell at the blade tips propagates opposite to the direction of rotation until the mass flow rate is at a minimum. As the mass flow rate recovers, the stall cell regresses in the direction of rotation. The stall cell does not detach from the damaged sector, as is the case for the 100% throttle setting, and the stall cell extends counterclockwise to blade 12. The Mach number of the unstalled blade passages between blades 6 and 11 also varies considerably with the progression and regression of the stall cell.
A. Forced Response of the Damaged Fan
The forced response calculations of the bird damaged fan at the 100%, 75%, and 60% throttle settings are presented in this section. The time-dependent aerodynamic loads are extracted from the unsteady CFD calculations and transferred to the structural solver at each time-step using the one-way forced response framework. The calculations were performed for 5,000 time-steps corresponding to 10 revolutions of the fan. The circumferential displacement, u θ R, at the blade tip leading edge is used to illustrate the structural response time-history. The displacement is calculated relative to the running configuration. Figure 13 (a) shows the tip displacement for the duration of the forced response calculation at the 100% throttle setting for four representative blades. Blade 5 represents the responses of the damaged blades 1-5, blade 12 the responses of blades 6-14, blade 18 the responses of blades 15-21, and blade 24 the responses of blades 22-24. Responses for the remaining blades are available in Ref. 28 . The largest tip displacements occur for blades 15-21, as illustrated by blade 18, which grow in time and result from the large aerodynamic loads produced by the unsteady stall cell in this region of the fan. The tip displacements for blades 6-14, illustrated by blade 12, exhibit a limited structural response for the first 4 revolutions until the stall cell releases from the damaged sector and progresses through this region of the fan producing a sudden increase in tip displacement. The behavior is repeated at ∼8 fan revolutions when a second stall cell is released and progresses through this region. By comparison, blades 22-24, which are located immediately downstream of the damaged sector, exhibit smaller tip displacements that is limited with time, as illustrated by blade 24 in Fig. 13(a) . Finally, the tip displacements of the damaged blades 1-5, illustrated by blade 5, are the smallest with blade 4 exhibiting the largest response among the 5 damaged blades. The most significant structural response occurs for the blades opposite the damaged sector due to the progression of the stall cell.
The circumferential displacements of the blade tips for the 75% and 60% throttle settings are shown in blades 12-19, illustrated by blade 14 in Figs. 13(b) and 13(c) , are the greatest and result from the progression and regression of the stall cell in this region of the fan. For both cases, the tip displacement of blade 14 initially exhibits a limited response until the stall cell released from the damaged sector progresses through this region of the fan at ∼4.5 revolutions. Comparing these cases with the 100% throttle setting, it is evident that the unsteady stall cell does not detach and propagate through the undamaged blades 6-11 upstream of the damaged sector. Therefore, the tip displacements of these blades, illustrated by blade 11, are the smallest and appear to be excited primarily by the cyclic increase and decrease of mass flow through these blade passages. The tip displacements of blades 20-24, which are located immediately downstream of the damaged sector, are illustrated by blade 24 in Figs. 13(b) and 13(c). Blade 24 displays a structural response at higher frequency and smaller amplitude that is induced by the unsteady wake shed from the damaged sector. Finally, the tip displacements of the damaged blades 1-5, illustrated by blade 5, also exhibit a higher frequency content. For both cases, blades 3 and 4 display the largest structural response among the damaged blades.
To determine the modal participation in the structural response, the blade displacements are projected into modal coordinates using Eq. (6) . During post-processing of the structural response, Eq. (6) is solved at each time-step using a least squares approach to determine the generalized degrees of freedom, q m , corresponding to each mode shape. In this process, the first 10 natural modes of each rotating blade are used and the mode shapes are normalized by the magnitude of the leading edge tip displacement. Subsequently, Eq. (7) is used to calculate the contribution of the m th natural mode to the displacement of any node in the FE mesh.
Table 3 summarizes the modal contribution of the forced response of blades 1-24 at each throttle setting. In Table 3 , bold face type indicates the dominant modes, ↓ indicates a decaying mode, ↑ indicates a growing mode, and * indicates a mode whose amplitude displays beating. Overall, the first bending mode dominates the response of the blades at each throttle setting. In addition, the tip displacements of the damaged blades 1-5 contain contributions from the first torsion mode, which decays in time, together with the third bending and second torsion modes that exhibit beating. For the 100% throttle setting, the response of the undamaged blades is exclusively in the first bending mode, with the exception of blade 24 that includes a small contribution from the second torsion mode. The first bending mode also dominates the response of the undamaged blades for the 75% and 60% throttle cases. However, the first torsion and second bending modes also contribute to the response of the upstream undamaged blades, and the second torsion mode displays beating in the region downstream of the damaged blades. 
B. Aeroelastic Response of the Damaged Fan
The aeroelastic response calculations of the bird damaged fan at 100%, 75%, and 60% throttle setting are presented in this section. The aerodynamic and structural models are solved iteratively within each timestep using the fully-coupled aeroelastic framework. The calculations are performed with 500 time-steps per revolution for 10 fan revolutions. The circumferential displacement at the leading edge of the blade tips is presented in Fig. 14(a) for the aeroelastic response calculation at the 100% throttle setting. The displacement is calculated relative to the steady-state configuration, and the responses of blades 5, 12, 18, and 24 represent blades 1-5, 6-11, 12-19, and 20-24, respectively. Responses for the remaining blades are available in Ref. 28 . The aeroelastic response of the undamaged fan blades resembles the forced response. The largest tip displacements occur for blades 15-21 and grow in time, as illustrated by blade 18. However, the amplitude of tip displacement for these blades is smaller than that from the forced response calculations. The responses of blades 6-14, illustrated by blade 12, exhibit a limited response for the first ∼3.5 revolutions until the stall cell releases from the damaged sector and progresses through this region of the fan producing a sudden increase in tip displacement. After the increase in blade response at ∼3.5 revolutions, the tip displacements decay more rapidly than for the forced response case, indicating that the aeroelastic coupling introduces positive damping for these blades. The response of blades 22-24 displays smaller tip displacements that remain bounded with time, as illustrated by blade 24. When compared to the forced response results in Fig. 13(a) , the tip displacements for blades 22-24 contain a higher frequency content indicating that higher structural modes are participating in the response of these blades. The tip displacements of the damaged blades 1-5, as illustrated by blade 5 in Fig. 14(a) , are the smallest; however, the aeroelastic response of these blades also contains a higher frequency component compared to the forced response calculation shown in Fig. 13(a) .
The circumferential displacement of the blade tips for the 75% throttle setting is presented in Fig. 14(b) . The largest tip displacements occur for blades [12] [13] [14] [15] [16] [17] [18] [19] and are due to the stall cell at the blade tips, as illustrated by blade 14. The tip displacements for blades 6-11, illustrated by blade 11, are larger than those from the forced response calculations and result from the unsteady stall cell that extends further around the wheel than in the forced response case. The response of blades 20-24 exhibit a slightly larger structural response compared to the forced response calculations, as illustrated by blade 24. The tip displacements of the damaged blades 1-5, illustrated by blade 4, display a higher frequency content indicating the participation of a higher structural modes.
The circumferential displacement of the blade tips for the 60% throttle setting is presented in Fig. 14(c) . The largest tip displacements occur for blades 12-19, as illustrated by blade 14. The structural response of these blades exhibit a higher frequency content than the forced response calculations, particularly after the stall cell progresses at ∼3.5 revolutions. Blades 6-11, illustrated by blade 11, display limited response until the stall cell detaches and progresses through this region of the fan at ∼5.0 revolutions. When compared to the forced response calculations, the increase in tip displacements is larger and occurs earlier. The structural response of blades 20-24, illustrated by blade 24, are similar to the forced response case with the exception of higher frequency content that appears after ∼4 revolutions. Similar to the aeroelastic response calculations at 100% and 75% throttle settings, the tip displacements of the damaged blades 1-5, represented by blade 4, also display a higher frequency content compared to the forced response. Table 3 summarizes the modal contribution for the aeroelastic response of blades 1-24 at each throttle setting. The first bending mode is dominant in the forced and aeroelastic response of all blades, with the amplitude of this mode growing for the undamaged blades 6-18. The tip displacements from the aeroelastic response also contain increased contributions from higher modes that may be significant and may grow in time or exhibit beating. Comparison of the Tables 3 and 4 reveals some fundamental differences between the forced and aeroelastic response of the damaged fan. For forced response, the primary response of the blade is in the fundamental bending mode, with occasional participation of the higher modes primarily in the second torsion mode. The participation of the higher structural modes is much more evident in the aeroelastic response column, which is reasonable when recognizing that aeroelastic behavior often exhibits a coupled bending-torsion response.
The influence of aeroelastic coupling is illustrated by Figs. 15-17 in which the modal contributions to the forced response and aeroelastic response are compared for one blade at each throttle setting. For the aeroelastic response of blade 24 at the 100% throttle setting, the second torsion mode grows rapidly in time and dominates the blade response after ∼2 fan revolutions, as shown in Fig. 15(b) . The rapid growth of the second torsion mode is unique to the aeroelastic response and may indicate an aeroelastic instability. For the 75% throttle case, the influence of aeroelastic coupling is most evident in the aeroelastic response of blade 4, which exhibits a rapid growth of the second torsion mode as shown in Fig. 16(b) . For the 60% throttle case, the effect of aeroelastic coupling on the circumferential tip displacement is evident, by the appearance and increased participation of the third bending mode. This is most noticeable in the aeroelastic response of blade 5, shown in Fig. 17(b) , which is dominated by the first bending mode and displays an increased contribution from the third bending mode. 
C. Assessment of Aeroelastic Stability
The aeroelastic stability of the fan blades is difficult to determine due to the inherent unsteadiness of the aerodynamic environment caused by the bird damage. Common approaches to determine the aeroelastic stability of a structure often rely on calculating the aerodynamic damping associated with the growth or decay of the blade response. However, the unsteady aerodynamic loads associated with a bird damaged fan excite the blades causing a growth in blade response that may hide the aeroelastic effects.
To provide insight into the cause of the growing blade response in the aeroelastic response behavior, the work performed by the aerodynamic forces on the structure is calculated and compared to the forced response. The aeroelastic stability of the aeroelastic response is inferred based on the time-history of the aerodynamic work compared to the forced response calculations. Aerodynamic work that grows compared to the forced response indicates a potential aeroelastic instability. Aerodynamic work that decays compared 
The aerodynamic work as a function of fan revolutions is presented in Figs. 18 for blades 5, 12, 18, and 24 at the 100% throttle setting. The aerodynamic work from the forced response is compared to aerodynamic work from the aeroelastic response to identify possible aeroelastic instabilities. In Fig. 18(a) , the aerodynamic work on blade 5 from the aeroelastic response is positive and grows at a rate greater than that of the forced response indicating the potential for aeroelastic instability of the blade. The aerodynamic work for blade 24 from the aeroelastic response displays a behavior that resembles blade 5, as shown in Fig. 18(d) , indicating a possible aeroelastic instability for this blade. For blades 12 and 18, the aerodynamic work from the aeroelastic response does not increase in time when compared to the forced response, as shown in Figs. 18(b) and 18(c) . This suggests that the growth in response of these blades is due to the unsteady aerodynamic loads caused by the stall cell, and the aeroelastic effects introduce positive aerodynamic damping for these blades.
The aerodynamic work at 75% throttle setting is presented in Fig. 19 for blades 4, 11, 14 , and 24. Comparison of the aerodynamic work on blade 4, shown in Fig. 19(a) , indicates that the growth of the second torsion mode in the aeroelastic response of this blade may be indicative of an aeroelastic instability. For blades 11 and 14, the aerodynamic work from the aeroelastic response is similar to that from the forced response, as shown in Figs. 19(b) and 19(c) . Therefore, the growth in response of these blades is due to the unsteady aerodynamic loads caused by bird damage rather than an aeroelastic instability. The aerodynamic work from the aeroelastic response for blade 24, shown in Fig. 19(d) , is smaller when compared to the forced response. This suggests that aeroelastic effects introduce positive damping, which is evident by the decreased participation of the second torsion mode for the aeroelastic case.
Figures. 20 provides the aerodynamic work from the aeroelastic and forced response at the 60% throttle setting. The aerodynamic work for blade 5 is shown in Fig. 20(a) . The aerodynamic work from the aeroelastic response increases at a similar rate to the forced response case, which may indicate a neutrally stable case where the blade is at the flutter margin. The aerodynamic work for blades 11, 16 , and 22 is shown in Figs. 20(b)-20(d). The aerodynamic work for these blades displays similarity between the aeroelastic and forced response calculations. This behavior suggests two possible situations: (a) neutral stability of the blades, or (b) the blade response is dominated by the unsteady aerodynamic loads induced by the bird damage. Comparison of the aerodynamic work for the remaining blades at the 60% throttle setting displays similar behavior and does not indicate potential aeroelastic instabilities. The results obtained indicate that for the cases considered, bird damage does not have a major effect on aeroelastic stability. The growth in structural response for the undamaged blades opposite the damaged sector appears to be dominated by the unsteady aerodynamic loads caused by the damaged blades. The damaged blades and those directly downstream of the damaged sector exhibit a possible aeroelastic instability in the second torsion mode for the 100% and 75% throttle settings. For the case of 100% throttle setting, the aeroelastic response indicates an instability dominated by the second torsion mode for blades 3, 5, and 24. By comparison at 75% throttle setting the aeroelastic response in the second torsion mode of blades 4 and 5 is indicative of an aeroelastic instability. The instability of these blades likely results from interaction between the blade motion and the unsteady wake shed from the upstream damaged blades. The tip displacements of these blades appear to reach a limit-cycle amplitude that is relatively small compared to those of the undamaged blades opposite the damaged sector.
VII. Concluding Remarks
Predicting the aeroelastic behavior of a bird-damaged fan represents a significant barrier in the development of improved-efficiency turbofan engines. In this study, a coupled CFD/CSD framework is employed to investigate numerically the structural response of a bird-damaged fan. A realistic fan configuration is considered that involves a sector of 5 damaged fan blades obtained through accurate numerical simulation of the bird strike event. Two computational frameworks are implemented to couple the CFD and CSD components: a one-way forced response framework, which neglects the feedback mechanism of the structural response on the unsteady aerodynamic loading, and a fully-coupled aeroelastic response framework that accounts for it. The forced response and aeroelastic response calculations are compared to identify the importance of aeroelastic coupling in predicting the blade structural response. The effect of engine rotation is also explored by performing the calculations at the 100%, 75%, and 60% throttle settings, which correspond to FAA certification requirements for bird strike. Overall, the results emphasize several important characteristics of the damaged fan, which are summarized below:
1. The unsteady stall cell emanating from the damaged sector produces large unsteady aerodynamic loads that drive the blade response. At the 100% throttle setting, the stall cell detaches from the damaged sector and excites a majority of the blades. In contrast, the stall cell does not detach for the 75% and 60% throttle settings, and the undamaged blades upstream of the damaged sector are unaffected by the unsteady stall cell.
2. For all throttle settings considered, the undamaged blades opposite the damaged sector exhibit the largest response for both the forced response and aeroelastic response calculations.
3. Comparison of the aerodynamic work from the forced and aeroelastic response is useful for identification of the mechanism driving the response. It also allows one to assess the aeroelastic stability of the bird damaged fan.
4.
The results indicate that the growth in blade response results primarily from the unsteady aerodynamic loads caused by the damaged fan blades rather than by an aeroelastic mechanism. This implies that aeroelastic effects are secondary to the forced response effects caused by the unsteady stall cell.
5.
The aeroelastic responses of the damaged blades and those immediately counterclockwise from the damaged sector exhibit rapid growth that may be associated with aeroelastic instability of higher structural modes. The aeroelastic response at the 100% and 75% throttle settings show increased participation of the second torsion mode, particularly for the damaged blades and those directly downstream of the damaged sector. The 60% throttle setting calculations indicate an increased participation of the third bending mode for the damaged blades and those opposite the damaged sector.
While this study demonstrates the feasibility of performing aeroelastic response calculations of a birddamaged fan, the computations require a significant investment in time that may prevent practical implementation for design purposes. The results show that the forced response approach, which is computationally less expensive, may be sufficient for predicting the blade response to a large extent. Thus the forced response may have a useful role in preliminary design of fans under bird strike conditions. These results were calculated assuming that structural damping is neglected. Including structural damping in the structural dynamic model may reduce or eliminate the aeroelastic instability noted.
